Pathophysiology of a nephrotoxic model of acute renal failure  by Stein, Jay H. et al.
Kidney International, Vol. 8 (1975), p. 27—41
Pathophysiology of a nephrotoxic model of acute
renal failure
JAY H. STEIN, JEROME GOTTSCHALL, RICHARD W. OsGooD and THOMAS F. FERRIS
Division of Renal Diseases, Department of Medicine, Ohio State University, Columbus, Ohio
Pathophysiology of a nephrotoxic model of acute renal failure.
Studies were performed in the dog to determine the mechanism
of the renal functional impairment which follows the administra-
tion of the nephrotoxic agent, uranyl nitrate. In the first series of
28 experiments, total renal blood flow was determined with the
radioactive microsphere method before and after uranyl nitrate
administration, 10 mg/kg. Total blood flow fell from 199 to
121 mI/mm 6 hr after administration of uranyl nitrate (P<0.001)
but was unchanged 48 hr after administration of the drug. Yet
the blood urea nitrogen concentration had increased from a
control value of 13 to 120 mg/l00 ml at 48 hr (P< 0.001). Since
renal blood flow was normal at 48 hr, micropuncture studies
were performed to further evaluate the mechanism of the renal
impairment. In the first group of nine studies using a 10 mg/kg
dose of uranyl nitrate, nephron glomerular filtration rate (GFR)
was reduced 37% while total kidney GFR averaged less than
1% of normal. A similar disparity between superficial and total
GFR was noted after a 5 mg/kg dose even though urine flow was
comparable to values found in normal hydropenic dogs. Proxi-
mal tubular transit time and intratubular pressure were normal.
The recovery of 3H-inulin injected into the proximal tubule was
97% in normal dogs and 14% in uranyl nitrate dogs (P< 0.001).
Since there was no difference between early and late proximal
tubular nephron GFR, it was suggested that the pars recta, the
segment most severely involved histologically, was the main site
of inulin leak. Scanning electron microscopy revealed an altera-
tion in epithelial architecture which may have accounted, at
least in part, for the diminution in nephron GFR. These studies
are interpreted to indicate that the impairment in renal function
in this model is due to both leakage of filtrate across damaged
tubular epithelium and a modest decrease in nephron GFR.
Physiopathologie d'un modèle d'insuffisance rénale aiguë né-
phrotoxique. Une étude a été réalisée chez le chien pour deter-
miner le méchanisme de l'altération fonctionnelle rénale con-
sécutive a l'administration d'un agent néphrotoxique, le nitrate
d'urane. Dans une premiere série de 28 experiences Ic debit
sanguin renal total a été dCterminé au moyen de microsphéres
radioactives avant et aprés 10 mg/kg de nitrate d'urane. Le
debit sanguin total diminue de 199 a 121 mI/mm a Ia sixième
heure aprés nitrate d'urane (P< 0,001) mais n'est pas modiflé
48 heures aprés l'administration de Ia drogue. Cependant l'azote
non protéique du sang augmente de Ia valeur contrôle de 13 a
120 mg/I® ml a Ia 48e heure (P<0,001). Du fait que le debit
sanguin renal est normal a Ia 48e heure une étude par micro-
Received for publication October 22, 1974;
and in revised form February 12, 1975.
© 1975, by the International Society of Nephrology.
27
ponction a été réalisée pour apprehender le méchanisme de
l'altération de Ia fonction rénale. Dans un premier groupe de
9 experiences avec une dose de 10 mg/kg de nitrate d'urane Ia
filtration individuelle des néphrons est réduite de 37% alors que
le debit de filtration global est en moyenne inférieur a 1% de sa
valeur normale. Une disparité semblable entre le debit de filtra-
tion glomCrulaire superficiel et total est observée aprés une dose
de 5 mg/kg alors que Ic debit urinaire est semblable a celui
obtenu chez des chiens normaux hydropéniques. Le temps de
transit proximal et Ia pression intratubulaire sont normaux. La
recuperation de 3H-inuline injectée dans le proximal est de 97%
chez les chiens normaux et de 14% chez les animaux traités par
Ic nitrate d'urane. Aucune difference n'ayant été observée entre
les debits de filtration glomérulaire du néphron mesurés dans Ic
proximal précoce et le proximal tardif, ii est suggéré que Ia pars
recta, le segment histologiquement Ic plus sévérement lésé, est le
site principal de Ia fuite d'inuline. La microscopie electronique
a balayage révére une alteration de l'architecture épitheliale qui
peut rendre compte, au moms en partie, de Ia diminution du
debit de filtration glomérulaire du néphron. Ces résultats sont
interprétés comme une indication de cc que l'altération de Ia
fonction rénale dans cc modèle est due a Ia fois a Ia fuite du
filtrat a travers un épithésium tubulaire lésé eta une diminution
modérée du debit de filtration glomerulaire des néphrons.
The mechanisms involved in the reduction in renal
function in acute renal failure are not clear. Evidence
has accumulated which suggests that renal vasocon-
striction is primarily responsible for this phenomenon
in a variety of experimental models [1—31. In a recent
study from this laboratory, however, unilateral oh-
guria produced by the intrarenal infusion of norepine-
phrine persisted in spite of a maneuver which increased
renal blood flow to a level greater than in the control
period [4]. It was suggested that an alteration in the
ultrafiltration coefficient was responsible for a failure
of glomerular filtrate formation in this model. Since
an increase in renal resistance was not responsible for
the oliguria in this previous study, the present experi-
ments were designed to evaluate the hemodynamic
alterations in a nephrotoxic model of acute renal
failure, the administration of uranyl nitrate (UN). The
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results indicate that marked oliguria and azotemia
occur 48 hr after uranyl nitrate administration, without
a significant alteration in renal resistance. Instead, this
functional impairment is due to both leakage of filtrate
across damaged tubular basement membrane and a
modest fall in filtration rate not related to decreased
glomerular blood flow.
Methods
Studies were performed on mongrel dogs weighing
between 13 and 24 kg. The dogs were anesthetized
with pentobarbital (30 to 35 mg/kg) and then given
additional doses as needed during the experiments. A
catheter was inserted in either the femoral or brachial
artery for blood collection while a Goodale-Lubin
standard wall catheter was placed in the left ventricle
for injection of the microspheres.
Radioactive microspheres (3-M Company, St.
Paul, MN) were used to measure regional cortical flow
and total renal blood flow. The nuclides used were
85Sr and 141Ce. A different nuclide was used in each
period, and the sequence of injection was altered from
experiment to experiment. Approximately 500,000
microspheres (15 to 20 PCi), 15 5 in diameter, were
given with each injection. The appropriate nuclide to
be given was suspended in a 2.5-mi solution of l0%
dextran injected through the left ventricular catheter
in approximately 15 sec and then flushed with 10 ml of
heparinized saline.
Acute renal failure was induced in 53 experiments
by the i.v. administration of uranyl nitrate. In 42
studies, a dose of 10 mg/kg was given while in the re-
maining 11 studies 5 mg/kg was administered.
Group 1: Hemodynamic studies. In 28 studies, total
renal blood flow was measured before and after ad-
ministration of uranyl nitrate, 10 mg/kg. In eight
studies, the second nuclide was given six hours after
uranyl nitrate administration. During the entire period
of study, the animal was given an infusion of Ringer's
solution at the rate of 1 mI/mm. Four additional studies
were performed in a similar manner except that uranyl
nitrate was not given. Renal blood flow was 185
14 SEM and 187 11 mi/mm initially and at six hours,
respectively.
In a second group of 20 studies, a control blood
flow was obtained and uranyl nitrate was then ad-
ministered. After uranyl nitrate administration, the
catheters were removed and the vessels utilized were
ligated. The animal was allowed to awaken and re-
turned to its cage. All animals tolerated the procedure
well and most consumed their daily allotment of food
and water in the interval between study periods.
Diarrhea was noted, however, in several dogs. Forty-
eight hours later the animals were again lightly anes-
thetized. The respective catheters were again inserted
through an incision proximal to the previously applied
ligatures. After the animal had stabilized, a second
microsphere injection was given. Previous studies in
control animals using the same protocol demonstrated
no hemodynamic alteration at 48 hr [4].
In all studies total renal blood flow was measured
using radioactive microspheres by a method described
by Domenech et alEs]. Its validity and correlation with
other techniques of measuring renal blood flow has
previously been demonstrated [4—6]. The ratio of
renal blood flow obtained with microspheres as com-
pared to measurements with an electromagnetic flow-
meter (Medicon M-4001, Mediconics International
Inc., Waco, TX) in seven normal and two uranyl
nitrate-treated dogs was 0.99 0.02 (N= 9). In addi-
tion, in a recent study by Arruda et al, microsphere
renal blood flow measurements were compared with
values obtained from the clearance and extraction of
para-aminohippurate corrected for hematocrit value
[6]. Over a range from 70 to 200 mi/mm, there was an
excellent correlation of the results with the two
methods. To determine perfusion rate with micro-
spheres, a reference flow rate is required. The ref-
erence sample was collected from the femoral or
brachial artery catheter in a 50-ml heparinized syringe
withdrawn wtih a Harvard pump. The pump was
started at a withdrawal rate of 24.7 mi/mm ten seconds
before the injection and continued for one minute
after the administration of the spheres. The reference
samples were transferred to counting tubes and the
collection syringe was rinsed with Hemo-Sol solution.
This rinse was added to the counting tube. The tubes
were then centrifuged for five minutes to sediment the
microspheres.
At the conclusion of all experiments, the kidneys
were removed and weighed. In the majority of studies,
the kidneys were sectioned and counted by methods
previously described [7]. The cortex was divided into
four equal zones, which will be called zones 1 through
4, going from outer to inner cortex, respectively. After
counting, the tissue sections were combined with the
remainder of the kidney. In these studies as well as
those in which the distribution of blood flow was not
determined, the kidney was dissolved in 100 ml of
concentrated hydrochloric acid for 24 to 48 hr. Trip-
licate 1 -ml aliquots of this solution were then pipetted
and counted in the same manner as the tissue sections.
Similarly, the blood collected during each microsphere
injection was counted at the same time. In previous
studies utilizing this method, the ratio of total renal
blood flow between the right and left kidney was
found to be 1.00 0.02 (N= 7). After uranyl nitrate
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administration, this ratio was 0.99±0.03 (N=8). in
these eight studies, the values to be presented are the
average blood flow from the two kidneys, while in the
remaining experiments, hemodynamic measurements
were obtained from only the right or left kidney.
Group II: Micropuncture studies. Fifteen free-flow
micropuncture studies were performed. Control blood
flow measurements were performed as described above
except that the reference samples were collected from
the brachial artery exclusively. In nine studies uranyl
nitrate, 10 mg/kg, was administered i.v. while in the
remaining six experiments, 5 mg/kg was given. Forty-
eight hours after uranyl nitrate administration, the
dogs were again anesthetized and prepared for micro-
puncture by methods previously described [8]. A
catheter was placed in the left ventricle for micro-
sphere injection. The transit time of lissamine green
was obtained by the injection of 0.5 to 1 ml of a 5%
solution of the dye given through a catheter placed
just above the renal arteries. At least two injections
were obtained in each study. Both ureters were can-
nulated through a suprapubic incision.
An infusion was given to establish and maintain a
plasma inulin concentration of 100 mg/100 ml. The
maintenance infusion was given at a rate of 1 mi/mm.
Samples of proximal tubular fluid were obtained with
sharpened micropipets containing colored mineral
oil. Each tubule was blocked with a column of oil and
all fluid reaching the puncture site was collected in a
precisely timed interval to permit the determination of
tubular flow rate. Collection time ranged from 90 to
180 sec. Minimal suction was used and the majority
of samples were collected spontaneously after initial
gentle aspiration to begin the collection. In the
majority of studies, the proximal tubules were chosen
randomly. In six animals, however, 13 paired early and
late proximal tubular collections were obtained. Intra-
tubular hydrostatic pressure was measured in four of
the 10 mg/kg dogs by the technique described by
Gottschalk and Mylle [9]. At least seven pressure de-
terminations were obtained per study.
Samples of three 1 5-mm clearance periods were
obtained when urine output was adequate for collec-
tion. Glomerular filtration rate (GFR) was estimated
from the clearance of inulin. Plasma and urine inulin
concentration were determined by the diphenylamine
method [10]. The concentration of inulin in tubular
fluid was measured by the fluorometric method of
Vurek and Pegram [ii]. Tubular fluid volume was
measured in a constant bore capillary of known in-
ternal diameter. The blood urea nitrogen (BUN) con-
centration was measured with an auto-analyzer
(Technicon Corp., Ardsley, NY).
Group III: mu/in permeability studies. In four con-
trol animals and five uranyl nitrate (5 mg/kg) treated
animals, the recovery of inulin was determined. PE-90
catheters were placed in each ureter so that separate
collections could be obtained from each kidney. A
solution containing 3H-inulin (100 iCi/mg, New
England Nuclear Corporation, Boston, MA) was dis-
solved in Ringer's solution and a small amount of
F.D. and C. green dye number 311 (Keystone Aniline
and Chemical Co., Chicago, IL) was added to color
the solution. A number of droplets of a constant
volume (15 nl) were obtained from a stock solution of
the injectate mixture and placed under oil on the
bottom of a small glass dish. The droplets were then
either drawn into micropipets for injection or directly
evacuated into a scintillation vial for calibration of the
amount of radioactivity given. The 1 5-nl solution was
injected slowly into random segments of the proximal
tubule over a period of 45 to 60 sec. In all instances in
both groups the injectate rapidly went away from the
puncture site and disappeared beneath the surface of
the kidney. In the majority of the control injections,
the dye front was seen to reappear in a distal tubule
although this was usually one or more layers beneath
the surface of the kidney. Dye was not noted to appear
in the distal tubule in any uranyl nitrate study. If the
injectate was seen to leak out of the puncture site, no
urine collection was obtained, and a period of 30 mm
was allowed to lapse before the next injection. This
occurred in three instances in both the control and
uranyl nitrate studies. Fourteen injections in control
dogs and 17 injections in uranium-treated dogs were
completed. All urine was collected in a graduated
cylinder under oil. One minute after completion of the
injection, lissamine green was given as described above
and collection of urine was continued until the dye
column entered the urinary collecting receptacle. In the
uranyl nitrate studies, the intensity of dye in final
urine was markedly reduced but perceptible. In three
control and four uranyl nitrate injections, samples of
two five-minute urine collections were obtained after
the regular collections were completed. In no instance
was there significant radioactivity above background
level. After completion of the original collection, the
urine volume was measured, and 0.5 ml of the total
amount collected was pipetted into 10 ml of Demilune
(Packard Instrument Co., Downers Grove, IL).
Quenching correction was performed with internal
standardization. Total nuclide in urine was calculated
from the following formula:
volume of urine collected (ml)CPM of sample x 0.5 ml
where CPM is the counts per minute of the 0.5-mi ali-
quot. Percent recovery of 3H-inulin was calculated
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with the following formula: total nuclide in urine!
total nuclide injected.
Group IV: Histologic studies. In six additional 48-hr
uranyl nitrate studies (five 10 mg/kg and one 5 mg/kg),
the kidneys wereprepared for scanning electron micros-
copy by methods previously described [4]. A PE-240
catheter was threaded from the femoral artery to a
point adjacent to the renal orifices. The aorta was then
ligated proximally and distally to the renal arteries and
the kidneys were perfused at a mean pressure of
120 mm Hg with a 2% phosphate-buffered glutaralde-
hyde solution at a rate of 250 to 300 mi/mm for four to
five minutes. As the kidneys were being fixed, both
renal veins were cut to allow drainage of the perfusate.
At the end of the infusion, the kidneys were re-
moved and five representative sections of cortex
10 x 3 x 1 mm) were cut with razor blades from each
kidney. The cutting was performed in such a manner as
to include cortex from capsule to medulla and present
a surface suitable for scanning. The specimens were
postfixed in 1 % osmium tetroxide and then washed in
phosphate buffer for one hour. The specimens were
dehydrated with graded concentrations of ethanol,
amyl acetate in ethanol and, finally, amyl acetate
alone. The tissue was then dried by the method de-
scribed by Anderson [12] with carbon dioxide in a
critical point dryer (Denton DCP-1). The dried speci-
mens were mounted on aluminum stubs and coated
evenly with gold in a vacuum evaporator (Varian YE-
10). The tissue was then examined with a scanning
electron microscope with accelerating voltage of
20 KEY (Cambridge Mark II).
In addition, in four of the group I studies (10 mg/
kg), and three group II studies (5 mg/kg), sections
were obtained, fixed in formalin and processed for light
microscopic examination.
Calculations. 1) Renal blood flow was calculated by
the following formula:
Renal blood flow (rnl/min)
Total CPM in kidney
=
Blood withdrawal rate (mi/mm)
Total CPM in blood
where CPM is counts per minute of the nuclide.
2) The methods of calculating the corrected frac-
tional distribution of renal cortical blood flow per
cortical zone and the zonal perfusion rate have been
described previously [7].
3) Nephron filtration rate (V0) =(TF/P)1x YF
where (TF/P)1 is the tubular fluid to plasma inulin
ratio and YF equals the tubular flow rate in nanoliters
per minute.
Standard statistical analysis was used and all data
are presented as the mean SEM.
Results
Hemodynamic studies. The hemodynamic studies are
summarized in Figs. 1 and 2 and Table 1. As is shown
in Fig. 1, total renal blood flow per kidney fell in each
of the six-hour studies from a control value of 199 23
to 121 20 ml/min (P< 0.001). Mean arterial pressure
was 119 7 and 123±5 mm Hg before and six hours
after uranyl nitrate administration. In contrast, 48 hr
after administration of uranyl nitrate, blood flow was
not significantly altered. Flow was increased in ten,
decreased in seven and essentially unchanged in the
remaining three studies. Overall total renal blood flow
went from 182 14 mi/mm in the control period to
204 16 ml/min 48 hr after uranyl nitrate administra-
tion, values that are not statistically different from
each other. The BUN concentration rose from a con-
trol value of 13±1 to 120±7 mg/100 ml 48 hr after
uranyl nitrate administration (P <0.001). There was no
correlation between the change in renal blood flow and
BUN concentration. Mean arterial pressure was not
significantly altered, 123±3 and 120 2 mm Hg before
and 48 hr after uranyl nitrate, respectively.
As shown in Table 1, the fractional distribution of
blood flow was unchanged in the six-hour studies.
N= 8
3. *p<ØØfl
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Fig. 1. Effect of uranyl nitrate administration on total renal blood
flow at six hours. The bars represent the mean values in each
period.
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Control 48 hr
Fig. 2. Effect of uranyl nitrate on total renal blood flow at 48 hr.
The bars represent the mean values in each period.
Fractional flow was 42, 32, 18 and 8% in zones I
through IV, respectively, in the control period and 41,
33, 19 and 8% after uranyl nitrate administration. The
fall in total renal blood flow of 37% was paralleled by
proportional decreases in zonal perfusion rate in all
four cortical zones. In contrast, there was a modest re-
distribution of blood flow to inner cortical nephrons in
the 15 48-hr studies in which regional flow was deter-
mined. Fractional flow in zone 1 decreased from 45 to
37% (P <0.001) with reciprocal increases of 5 and 3%
in zones III and IV, respectively. Absolute zonal per-
fusion rate was not significantly altered in zones I or 11
but was significantly increased in zones III and IV.
Micropuncture studies. The results of the 15 micro-
puncture studies are summarized in Tables 2 and 3.
Nine studies were performed after the administration
of uranyl nitrate, 10 mg/kg. Also presented are the
mean values obtained from 23 normal hydropenic
micropuncture studies previously reported from this
laboratory [8, 13]. Renal blood flow was 174 and
204 ml/min in the control and experimental period,
respectively. These values were not significantly
different. In six of these studies, regional cortical
blood flow was measured. The fractional distribution
of flow in outer cortical zone I decreased from 44±2 to
39±2% (P <0.05) but the mean increases of 1, 2.5 and
1.5% in zones II through IV, respectively, did not
reach the level of statistical significance. Nevertheless,
absolute flow in outer cortical zone I was not signifi-
cantly altered, 6.6 0.5 vs. 6.3 0.7 ml/min/g. The
modest increases of 0.7, 0.9 and 0.7 ml/min/g in zones
II through IV were all below the level of statistical
significance. GFR in the micropuncture kidney could
be obtained in only five of these uranyl nitrate studies
because of marked oliguria. In these experiments GFR
ranged from 0.01 to 1.3 mI/mm while the urine to
plasma inulin ratio ranged from 2 to 8 with a mean
value of 5. In 23 previous micropuncture studies re-
ported from this laboratory, total kidney GFR
averaged 35±2 mI/mm. [8, 13] Thus, the mean value in
Table 1. Summary of hemodynamic determinationsa
Model Total renal
blood flow,
ml/min
Distribution to cortical zone, % Zonal perfusion rate, ml/min/g
Zone 1 Zone 2 Zone 3 Zone 4Zone 1 Zone 2 Zone 3 Zone 4
N C E C EC EC E CE C E C E C E C E
Uranyl nitrate
(6 hr)
Mean 8 199 121 42 41 32 33 18 19 8 8 7.5 4.4 7.3 4.3 5.4 3.4 3.5 2.5
SEM 23 20 3 3 1 1 2 1 1 1 0.8 0.6 0.9 0.7 1.0 0.7 0.8 0 7P 0.001 NS NS NS NS 0.001 0,005 0.005 0.05
Uranyl nitrate
(48 hr)
Mean 15 188 218 45 37 33 33 16 21 6 9 8.1 7.5 7.2 8.4 4.7 6.7 2.6 3.8
SEM 18 20 2 2 1 1 1 1 1 1 0.9 0.8 0.7 0.8 0.6 0.8 0.3 0.6P NS <0,001 NS <0.005 <0.025 NS NS <0.02 <0.05
° N= number ofexperiments; C = control period; E =experimental period.
400. N=20
350.
300.
250'
200
150
100
50
a
0
000
aU
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Table 2. Summary of uranyl nitrate micropuncture findings (10 mg/kg)a
Experiment Urine output GFR Tubular fluid! Nephron filtra- Transit Urine/plasma Renal blood flow
No. mi/mm mi/mm plasma inulin tion rate time inulin ratio mi/mimi
ratio ni/mimi sec
C E
1 0 0 1.35±0.15 37±6(4)b 17 — 134 170
2 0.16 1.3 1.11±0.02 37±4 (4) 35 8 148 201
3 0.01 0.01 1.46±0.08 15±1 (4) 32 2 158 119
4 0 0 1.16±0.02 129±11 (4) 13 — 176 312
5 0 0 1.03±0.01 30±2 (4) 35 — 152 109
6 0.02 0.24 1.14±0.03 74±5 (4) 12 6 169 196
7 0.01 0.10 1.10±0.04 70±5 (4) 25 5 224 332
8 0 0 1.26±0.04 48±4 (5) 21 — 223 208
9 0.005 0.01 1.06±0.01 73±6 (4) 4 179 190
Mean 0.02 0.18 1.18 57 24 5 174 204
SEM 0.02 0.14 0.04 11 3 1 12 21
Normal 0.12±0.01 35±2 1.64±0.05 89±6 24±1 292±15
pc <0.001 <0.001 <0.001 <0.02 NS <0.001 NS
C=control, E=48 hr after uranyl nitrate administration.
b Number of observations is in parentheses.
"Comparison of experimental values and measurements obtained in normal hydropenic dogs from this laboratory [8, 13].
Table 3. Summary of uranyl nitrate micropuncture findings (5 mg/kg)a
Experiment Urine output GFR Tubular fluid! Nephron filtra- Transit Urine/plasma Renal blood flow
No. mif mm mi/mimi plasma inulin tion rate time inulin ratio mi/mm
ratio ni/mimi sec C E
1 0.20 1.80 1.13±0.07 55±6 (4)' 19 5 234 200
2 0.06 0.51 1.20±0.07 39±1 (4) 21 8 147 127
3 0.08 0.72 1.37±0.07 44±3 (4) 18 9 165 190
4 0.005 0.06 2.02±0.12 38±6 (6) 40 11 185 195
5 0.30 3.10 1.49±0.04 59±4 (6) 17 10 212 230
6 0.12 1.51 1.75±0.10 43±2 (6) 30 12 110 165
Mean 0.13 1.15 1.49 48 24 9 176 185
SEM 0.04 0.4 0.13 4 4 1 18 23
Normal 0.12±0.01 35±2 1.64±0.05 89±6 24±1 292±15
PC NS <0.001 NS <0.005 NS <0.001 NS
C=control, E=48 hr after uranyl nitrate administration.
b Number of observations is in parentheses.
C Comparison of experimental values and measurements obtained in normal hydropenic dogs from this laboratory [8, 13].
the present studies of 0.18 mi/mm is less than 1 % of
the normal control GFR in this laboratory.
Nephron GFR was measured in each study. All
tubules appeared open and no intratubular cases were
noted. Nephron GFR was variable from animal to
animal in this group and ranged from 15 to 129 ni/mm
with a mean of 57 nI/mm. Yet, the variability of ne-
phron GFR measurement within a given animal in the
uranyl nitrate group was not significantly different
from that of the control studies as measured by the
ratio of the SEM to the mean nephron GFR in each
study (0.085 0.009 and 0.089 0.007 in uranyl
nitrate and control studies, respectively). In the control
studies, nephron GFR ranged from 51 to 155 mi/mm
with a mean of 89 ni/mm. This value was significantly
greater than the mean nephron GFR in the present
studies (P <0.02). It should be noted, however, that
this 36% decrease in nephron GFR is markedly less
than the change in the calculated total kidney GFR of
greater than 99% (Fig. 3).
With the exception of the seven early and late proxi-
mal pairs obtained in the 10 mg/kg studies, the proxi-
mal tubular samples were collected randomly. Thus, it
is difficult to interpret the proximal tubular TF/PI
data. Yet, the mean TF/P1 in the present studies of
1.18 0.04 (range, 1.03 to 1.46) was significantly less
than the mean value obtained from random punctures
in control animals, 1.64 (range, 1.28 to 2.41 ; P <0.001).
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There was no difference in the mean transit time to
the end of the proximal tubule or the intratubular
pressure in these studies when compared to control
data (Fig. 4). It should also be noted that during the
transit time measurements, no dye was seen to enter
the distal tubule in the uranyl nitrate studies.
As is shown in Fig. 5, seven paired collections of
early and late proximal tubular nephron GFR were
made in the 10 mg/kg studies. The TF/PI ratio was
greater in each large sample with mean values of 1.11
and 1.34 in early and later proximal tubules, respec-
tively (P <0.005). Nephron GFR, however, was not
significantly different, 51 and 53 nl/min, respectively.
Because of the marked oliguria in the 10 mg/kg
studies, further studies were performed at a lower dose
(5 mg/kg) in which urinary flow rate was more con-
ducive for clearance collections. As is shown in Table 3,
urine volume averaged 0.13 mI/mm, a value not signi-
ficantly different from the normal hydropenic flow
rate. Yet, total kidney GFR was still markedly reduced
and averaged 1.15 mi/mm, a value approximately 3%
of the normal GFR. This marked fall in total GFR was
due to the low urine to plasma inulin ratio which
averaged 9 (range, 5 to 12). In the normal hydropenic
dog, this value was approximately 300. In addition, as
is shown in Table 3, renal blood flow was not signifi-
cantly altered, the means being 176 and 185 mI/mm in
the control and experimental period, respectively. The
BUN concentration increased from 18 1 to Ill
7 mg/tOO ml (P<0.00l). Nephron GFR was reduced
47% averaging 48±4 nI/mm. The transit time to the
end of the proximal tubule was 24 4 sec, a value not
significantly different from the control data. Again, no
dye was seen to enter the distal tubule. It should also
be noted that in these studies as well as the 10 mg/kg
experiments, the oil block immediately went away and
disappeared beneath the surface after a tubular fluid
collection had been completed. In an obstructed
tubule, the oil block would have been expected to re-
main in place. In six paired collections, the TF/P10
ratio increased in each from early to late collection
sites with mean values of 1.36 and 1.77, respectively
(P<0.00l) (Fig. 5). Nephron GFR was not signifi-
cantly different in early and late proximal tubules
averaging 53 and 54 nI/mm, respectively. The mean
TF/PIII ratio from all tubules was not significantly
different from that obtained in the control studies.
45 * P <0.02
P < 0.001
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Fig. 3. Nephron and total kidney GFR in control and uranyl
nitrate (10 mg/kg) dogs. The control values were obtained from
23 normal hydropenic dogs previously reported [8, 13]. Although
nephron GFR was reduced 36%, there was a disproportionately
greater fall in total kidney GFR.
V0 early proximal tubule, ni/mm
Fig. 5. Comparison of early and late proximal tubular nephron
GFR (V0) after uranyl nitrate administration. There was no
significant difference in either the 5 or 10 mg/kg studies.
Transit time Intratubular pressure
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Fig. 4. Comparison of proximal tubular transit time and intra-
tubular pressure in normal and uranyl nitrate (10 mg/kg) dogs.
N=number of animals studied.
Control UN
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Microinjection studies. These data are summarized in
Fig. 6. In the four control studies, urinary flow rate
averaged 2.1 ml/min, and inulin recovery varied in the
14 injections from 81 to 122% with a mean of 97%. In
the uranyl nitrate studies, urine flow averaged 1.2 ml!
mm while inulin recovery was markedly less than in
the control collections and averaged 14% (P< 0.001).
No significant radioactivity was noted either in arterial
blood or in the contralateral urine after these micro-
injections.
Light microscopy. Sections were obtained at 48 hr in
both the 5 and 10 mg/kg studies. The lesions observed
were qualitatively similar although the degree of in-
volvement was greater in the 10 mg/kg studies. As
shown in Fig. 7, the glomeruli appeared normal.
Tubular necrosis was the most prominent lesion noted.
This lesion mainly involved the straight segment (pars
recta) of the proximal tubule and was characterized by
swelling, necrosis and shedding of epithelial cell cyto-
plasm into the tubular lumen. The convoluted portion
of proximal convoluted tubule mainly showed degener-
ative changes with mild swelling and granularity of the
cytoplasm. The distal tubules and loop of Henle also
showed mild degenerative changes. Interstitial edema
of a modest degree was present. The blood vessels were
unremarkable.
Scanning electron microscopy. The normal epithelial
structure of the glomerulus as found with scanning
electron microscopy has been previously described [4]
and is further demonstrated in Fig. 8. Note the nu-
merous cell bodies and the various processes emanating
from this structure. In contrast, the glomerulus in the
uranyl nitrate kidney was distinctly abnormal as dem-
onstrated (Figs. 9 through 11) from a 10 mg/kg
uranyl nitrate study. In involved areas the normal
architecture was replaced by an uneven surface covered
with large numbers of small knob-like villous struc-
tures. In many areas these villous structures were close
together or fused in aggregates. The primary, secon-
dary and foot processes of the epithelial cells were also
not distinguishable. Yet, in contrast to the total de-
struction of glomerular epithelial structure seen after
norepinephrine [4], the architecture was maintained in
numerous areas of each glomerulus. The abnormal
portions could be seen to merge with areas of normal
epithelial structure. In these normal areas, capillary
walls were covered with distinct epithelial cells and
well-defined primary, secondary and tertiary processes.
Similar alterations were noted in the single 5 mg/kg
study examined.
Discussion
The present study was designed to further evaluate
the mechanism of the diminution in renal function
which follows the administration of the nephrotoxic
agent, uranyl nitrate. Initial studies were performed to
evaluate the hemodynamic effects of this substance.
Six hours after uranyl nitrate administration, renal
blood flow was consistently decreased while at 48 hr,
blood flow was not significantly different from control
values and had even increased in several studies at this
time. The use of the radioactive microsphere method
to measure renal blood flow was seemingly ideal for
this model since there was no need to collect urine.
The validity of this technique has been presented by
Domenench et al [5], Arruda et al [6] and Cox et at in
studies from this laboratory [4]. In this latter study,
norepinephrine was infused in one renal artery at very
high doses and renal blood flow was measured with the
same technique before and 48 hr after norepinephrine
[4]. A 39% fall in renal blood flow was found on the
infused side while a 32% increase occurred in the con-
tralateral control kidney. Thus, this method can dis-
criminate between both increases and decreases in
renal blood flow, utilizing a general protocol quite
similar to that in the present study.
Conflicting results have been obtained in previous
studies evaluating the change in total renal blood flow
after administration of uranyl nitrate. Bobey et al
found a marked decrease in diodrast clearance after a
Control
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Fig. 6. Summary of3H-inulin microinjection studies in normal and
uranyl nitrate dogs.
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Fig. 7. Light microscopic section from a uranyl nitrate kidney at 48 hr (hematoxylin-eosin, x 170). The glomerulus appears normal. There
is marked tubular necrosis primarily involving the pars recta (PR). The convoluted portion of the proximal tubule showed only moderate
degenerative changes (PC).
2 mg/kg dose of uranyl acetate but there was also a
concomitant fall in diodrast extraction of such a mag-
nitude that no significant change in renal blood flow
was found five days after administration [14]. Simi-
larly, Foulkes in nonpaired studies in rabbits found no
clear alteration in renal blood flow after administration
of a small dose of uranyl nitrate (0.2 mg/kg) [15].
Eisner, Slotkoff and Lillienfied measured the renal
venous effluent in normal dogs and dogs given uranyl
nitrate, 5 mg/kg, 48 to 96 hr after administration [16].
Although absolute blood flow was somewhat greater
in control animals, the renal blood flow corrected for
kidney weight was 2.7 and 2.4 ml/g/min in the con-
trol and uranyl nitrate dogs, respectively. These values
are not significantly different. Flamenbaum et al, utiliz-
ing the 133Xe washout technique found a 50% de-
crease in renal blood flow 48 hr after uranyl nitrate
administration (10 mg/kg) in five unanesthetized dogs
[17]. As has been noted previously, however, the wash-
out technique does not measure blood flow per se but
flow per volume [18]. Thus, changes in this index may
not necessarily parallel alterations in total flow. In
addition, the effect of uranyl nitrate administration on
the partition coefficient of Xenon has not been evalu-
ated. Thus, it is possible that the apparent variation in
the effect of uranyl nitrate on total renal blood flow
may be dependent on the dose utilized, the experi-
mental protocol and the method of measuring blood
flow. In any case, in the present study a method was
utilized in the anesthetized dog which is a true marker
of absolute flow, is reproducible, can detect modest
alterations in renal blood flow and does not necessitate
urinary collection or renal venous extraction of a parti-
cular marker. In addition, the protocol was designed
so that each animal served as its own control. There-
fore, these present findings do not demonstrate renal
vasoconstriction 48 hr after uranyl nitrate administra-
tion and suggest that some other factor or factors were
responsible for the maintenance of oliguria and azote-
mia at this time. It should be noted, however, that the
increase in renal resistance six hours after uranyl
nitrate administration may be an important deter-
minant of the subsequent renal functional impairment.
As is shown in Table 1, there was no alteration in
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regional blood flow distribution at 6 hr while at 48 hr,
there was a significant redistribution of flow to inner
cortical nephrons. These findings at six hours are com-
patible with previous findings from this laboratory.
The administration of norepinephrine [20] or angio-
tensin [20] as well as renal nerve stimulation [21] all
increase renal resistance but do not alter regional
blood flow distribution. Similarly, there was no change
in regional blood flow in the unilateral oliguric renal
failure model previously noted in spite of a 40% fall
in renal blood flow [4]. The mechanism of the dis-
tributional changes at 48 hr are less clear. In previous
studies from this laboratory, we have noted a similar
redistribution of blood flow to inner cortical nephrons
in models associated with a fall in renal resistance [7].
Although renal resistance did decrease to some extent
in the majority of the 15 studies in which regional
blood flow was measured, this was not seen in each
study in spite of a consistent redistribution pattern.
Thus, the basis for the redistribution of flow noted at
48 hr is not clear.
In contrast, Flamenbaum et al noted a redistribution
of flow to inner cortical nephrons at both 6 and 96 hr
after administration of uranyl nitrate [17]. The reason
for this disparity is not clear. It must be noted, however,
that the most reliable findings with the microsphere
method are obtained when a control injection of
spheres is given to the animal prior to an experimental
maneuver. This allows each tissue section to serve as
its own control and obviates the variability of cutting
comparable tissue sections in different kidneys. This
protocol was utilized in the present study while the
former study compared regional blood flow distribu-
tion in control and experimental kidneys [17].
Since total renal blood flow was not significantly
altered at 48 hr, micropuncture studies were performed
to further evaluate the mechanism of the marked im
pairment in renal function. These studies demon-
strated a 35 and 47% decrease in nephron GFR in the
10 and 5 mg/kg experiments, respectively, in associa-
tion with a much greater reduction in kidney GFR in
both groups. In the 10 mg/kg studies, total GFR was
measurable in only five studies because of the marked
oliguria, and never exceeded 1.3 mI/mm. In the 5 mg/
kg studies, urine flow was not significantly different
from control hydropenic values but total GFR was still
markedly reduced averaging 1.1 mi/mm, a value 3% of
normal.
There are several possible explanations for the dis-
parity between the superficial nephron and total kid-
ney GFR measurements. First, it is possible that the
selection of tubules for micropuncture was not random
and that the functional population of nephrons was
markedly reduced. This seems quite unlikely since all
surface nephrons were open and lissamine green dye
was seen to uniformly traverse all of the tubules. In
addition, the variability of nephron GFR measure-
ment was no greater in the uranyl nitrate animals than
in controls. Second, nephron GFR may have been re-
duced to a greater extent in deep nephrons. Although
this possibility cannot be totally excluded, it should be
noted that renal blood flow tended to be greater in
inner cortical nephrons (Table 1) after uranyl nitrate
administration. Since GFR has been shown to be
plasma flow-dependent even in a model of acute renal
failure [22], there is no a priori reason to postulate a
lower nephron GFR in juxtamedullary nephrons. In
addition, the glomerular abnormalities noted on scan-
ning electron microscopy were similar in all groups of
cortical nephrons. Third, tubular obstruction must be
considered. The finding of a normal proximal tubular
transit time and intratubular pressure, however, are
both against this possibility (Fig. 4). In addition, in
both the free-flow and microinjection studies, the in-
tratubular dynamics during micropuncture were not
compatible with obstruction. Fourth, an increased per-
meability to water and solute across the tubular base-
ment membrane must be considered. This phenomenon
has been implicated in the impaired renal function
found after mercuric chloride administration [23, 24]
and acute renal artery ischemia [25]. In the present
studies, a marked decrease in inulin recovery was noted
in the 5 mg/kg uranyl nitrate studies (Fig. 7). This de-
creased inulin recovery could have been due to either
increased inulin permeability or tubular obstruction.
If the former abnormality had been present, one might
have expected radioactive inulin to be present in the
systemic circulation and excreted by the contralateral
kidney after intratubular injection. It must be noted,
however, that because of the solubility characteristics
of inulin and the restraints on the volume of the in-
jectate that could have been given, the injectate con-
Fig. 8. Scanning electron micrograph from control kidney (x 1000). Note the numerous cell bodies (arrows) and attendant processes
covering the glomerular capillaries.
Fig. 9. Scanning electron micrograph from uranyl nitrate kidney (x 1000). Note the numerous areas in which the normal epithelia
architecture is markedly altered (arrows). These areas present a rough and uneven surface with increased villous formation. The podocyte
and various processes are difficult to distinguish in these areas. In between these areas, the architecture is reasonably normal.
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tamed only approximately 30,000 CPM. In a 20-kg dog
with a 1-liter plasma volume, a maximum of 30 CPM/
ml would be measured if all of the inulin were ab-
sorbed and distributed initially only in the vascular
compartment. Thus, it is not surprising that systemic
radioactivity was not measurable, and this does not
exclude increased inulin permeability as the basis of
the markedly decreased recovery in the uranyl nitrate
studies. Also, since the colored injectate rapidly flowed
away from the puncture site and no evidence of tubular
obstruction was noted (Fig. 4), these data are most
compatible with an increased permeability to inulin
across the tubular basement membrane. This view is
further strengthened by the markedly reduced urine to
plasma inulin values found in both the 5 and 10 mg/kg
studies.
Histologically, the majority of proximal convoluted
tubules demonstrated only modest histologic abnor-
malities. In contrast, the straight portion of the proxi-
mal tubule was almost uniformly necrotic. In microdis-
section studies by Oliver, MacDowell and Tracy in
the rabbit, the most severe lesions after uranyl nitrate
were found in the last one-half of the proximal tubule
as well as the pars recta [26]. In the present work, how-
ever, there was no difference in nephron GFR between
early and late proximal tubules (Fig. 5) while the pars
recta was most intensely involved histologically. It
seems quite possible, therefore, that the leakage of
tubular fluid occurred primarily in this nephron seg-
ment. This view is in agreement with the failure to
identify lissamine green in distal tubular segments in
this model.
The leakage of filtrate across tubular epithelium
necessitates some means to return the water and solute
back into the circulation. In this regard, it is of great
interest that Lebrie noted a marked increase in renal
lymph flow after uranyl nitrate administration in the
dog [27]. Also Eisner et at found an increase in the
volume of distribution of inulin within the kidney after
uranyl nitrate administration, a finding obviously in
agreement with the present results [161.
Although a systematic evaluation of proximal tubu-
lar sodium and water transport after administration of
uranyl nitrate was not undertaken in this study, the
mean (TF/P)1 ratio from end-proximal tubules of 1.34
is much lower than normally obtained in the dog.
Since there was no difference between early and late
proximal tubular nephron GFR in these studies (Fig. 5),
increased permeability of inulin across the proximal
tubule cannot explain this finding. Schwartz and
Flamenbaum have recently demonstrated that the
mucosal application of uranyl nitrate irreversibly de-
creased active sodium transport across the isolated
turtle bladder [28]. Possibly, a similar action may be
operative in this in vivo setting.
In a recent study from this laboratory, it was found
that the unilateral infusion of large doses of norepine-
phrine caused marked oliguria 48 hr after the adminis-
tration of the drug [4]. Renal blood flow was reduced
38%, and there was no glomerular filtration. Oliguria
and a failure to form filtrate persisted after Ringer's
loading even though renal blood flow increased to a
level significantly greater than in the control period.
Transmission and scanning electron microscopy re-
vealed a marked alteration in glomerular epithelial
structure with a virtual abolishment of the normal
architecture. It was suggested that this abnormality
caused a decrease in the ultrafiltration coefficient lead-
ing to the absent filtrate formation. In the present
study, total renal blood flow 48 hr after administration
of uranyl nitrate was not significantly altered and even
tended to increase in a number of studies. Yet, super-
ficial nephron GFR was reduced approximately 40%
in the 15 micropuncture studies performed. Although
there was a redistribution of blood flow to inner corti-
cal nephrons, the 7% fall in absolute flow in outer
cortical zone I was not statistically significant (Table I)
and would not explain a fall in GFR of this magnitude.
Similarly, no change was noted in absolute blood flow
in outer cortical zone I in the six micropuncture
studies in which regional blood flow was measured.
Since Brenner et al have shown that GFR is plasma
flow-dependent [29], the disparity between the change
in nephron GFR and blood flow after uranyl nitrate
merits consideration. As is shown in Figs. 9 through 11,
the glomerular epithelial architecture was abnormal in
the uranyl nitrate studies. Virtually every glomerulus
had numerous areas where the cell bodies were in-
distinct and the primary, secondary and tertiary pro-
cesses could not be delineated. Yet in contrast to the
norepinephrine studies, approximately one-half of the
architecture of a given glomerulus was well maintained.
Fig. 10. Scanning electron micrograph from uranyl nitrate kidney (x 2000). Higher magnification demonstrating abnormal glomerular
capillary loop (arrow) adjacent to a relatively normal portion. Note the virtual loss of the normal epithelial architecture in the involved
area.
Fig. 11. Scanning electron micrograph from uranyl nitrate kidney (x 5000). This photograph demonstrates a higher magnification of an
involved area. There is no recognizable epithelial architecture in this capillary loop. Large numbers of aggregated villi are prominent
throughout the area. Note the adjacent normal loops in the upper right and lower left portions of the photomicrograph.
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The relationship of these structural alterations to the
decrease in nephron GFR cannot be determined with
certainty with the evidence at hand. Yet, it is of in-
terest that the total loss of normal epithelial structure
seen with norepinephrine was associated with a cessa-
tion of filtration while the less severe alteration in the
present study occurred in a model in which nephron
GFR was decreased only 40%. It should also be noted
that Blantz has recently directly measured glomerular
dynamics in Munich-Wistar rats given uranyl nitrate
[30]. After injection of a dose of 20 mg/kg of the agent,
he noted a definite decrease in the ultrafiltration co-
efficient in these animals.
If these structural alterations are responsible for the
decreased movement of filtrate across the glomerular
capillary, the arrangement of the epithelium must be
an important determinant of the passage of solute and
solvent into Bowman's space. Recent findings by
Rodewald and Karnovsky suggest this to be the case
[31]. They performed a histologic evaluation of the slit
diaphragm, the area connecting the plasma membrane
of adjacent foot processes. It was found that the slit
diaphragm was a continuous two-dimensional band
which extended between all epithelial foot processes.
In addition, this area also contained a fairly homo-
genous population of rectangular pores with a mean
width of 40A. If filtration occurred primarily through
these pores, it does not seem unreasonable that marked
changes in the epithelial architecture may alter the
structural relationship between foot processes and the
slit diaphragm leading to a decrease in the effective
pore area and, ultimately, a fall in nephron filtration
rate.
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